Experimental data and models for plant bioaccumulation of organic contaminants play 18 a crucial role for assessing the potential human and ecological risks associated with chemical 19 use. Plants are receptor organisms and direct or indirect vectors for chemical exposures to all 20 other organisms. As new experimental data are generated they are used to improve our 21 understanding of plant-chemical interactions that in turn allows for the development of better 22 scientific knowledge and conceptual and predictive models. The interrelationship between 23 experimental data and model development is an ongoing, never-ending process needed to 24 advance our ability to provide reliable quality information that can be used in various contexts 25 including regulatory risk assessment. However, relatively few standard experimental 26 protocols for generating plant bioaccumulation data are currently available and because of 27 inconsistent data collection and reporting requirements, the information generated is often less 28 useful than it could be for direct applications in chemical assessments and for model 29 development and refinement. We review existing testing guidelines, common data reporting 30 practices, and provide recommendations for revising testing guidelines and reporting 31 requirements to improve bioaccumulation knowledge and models. This analysis provides a 32 list of experimental parameters that will help to develop high quality datasets and support 33 modeling tools for assessing bioaccumulation of organic chemicals in plants and ultimately 34 addressing uncertainty in ecological and human health risk assessments. 35 36
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Introduction 40
Terrestrial plants constitute the largest global mass fraction of living organisms and 41 are the primary food source for humans and most terrestrial animals (Houghton et al., 2009) . However, several existing guidelines already provide a good starting point in terms of data 161 reporting requirements and these guidelines could be slightly modified to provide critical 162 information that could be used to improve plant bioaccumulation modeling. For that, it is 163 important to understand the data that are required in bioaccumulation modeling, which is 164 outlined in the following. 165 166
3.
Plant bioaccumulation models and their application 167 3.1. Framework for plant bioaccumulation modeling 168
Mathematical models are often used to better understand experimental data obtained 169 under defined test conditions. Models also help the extrapolation of experimental data from 170 defined test conditions to specific environmental scenarios in an attempt to address various 171 regulatory questions. Key processes described in plant bioaccumulation models are direct 172 application onto the plant (e.g. agricultural pesticide applications), gaseous and dry/wet 173 particle deposition from air onto cuticles, evaporation from cuticles and transpiration through 174 leaf stomata, root uptake with soil pore water, diffusion between soil gas and root phases, Models are generally not accepted until they can be evaluated using results from tests 184 collected under a variety of conditions. Most models rely on measured data from field and 185 laboratory tests with respect to various input variables (e.g. air temperature, plant water 186 content) and process-related parameters (e.g. degradation rates in plant components), 187 depending on each model's scope and level of detail. Fig. 1 shows conceptually how key 188 uptake, partitioning, translocation and degradation processes measured in experimental plant 189 bioaccumulation tests (Fig. 1a) can be translated into modeled systems based on 190 interconnected environmental and plant compartments (Fig. 1b) . To address the latter, the present section provides insight into typical input data requirements 203
for plant bioaccumulation models. 204
In a typical mass balance model (Fig. 1b) Fig. 1b ) defined as the concentration ratio in leaf and in air at equilibrium (Calamari, 212 1993) . In contrast, a more complex model might quantify each competitive process 213 contributing to leaf uptake, such as dry and wet deposition, as a function of particle 214 concentration, aerosol washout and rain occurrence in air (Fantke et al., 2011) , diffusion 215 through the leaf-air boundary layer derived from stomatal and cuticular resistances (Schreiber 216 and Schönherr, 2009), and concentration dilution as function of plant growth rates. In any 217 case, specific input variables must be given to model plant uptake. If these input variables 218 cannot be estimated based on e.g. available regressions, models rely on experimental studies 219 to obtain required input data. Input variables that are reported in 25 plant uptake modeling 220 studies to strongly affect bioaccumulation processes and that typically have to be obtained 221 from experimental testing studies are listed in Table 2 . Not all data that are summarized in Table 2 as being relevant for bioaccumulation 247 models are commonly reported in experimental studies. We seek to identify and close gaps 248 between data provided by studies following current testing guidelines and data required for 249 improving plant bioaccumulation science by adapting current experimental methods (and 250 reporting requirements). In most cases these gaps can be addressed with minimal additional 251 resources. 252 Furthermore, most reported data regarding substance (e.g. purity), plant characteristics (e.g. 288 growth stage), application and sampling settings (e.g. treated plant components), and 289 environmental conditions (e.g. air humidity) were incomplete (see Table 3 for an example). 290 291
Limitations of reported data for use in bioaccumulation modeling 292
Screening various experimental studies reveals there are few parameters that are 293 consistently reported, such as the sampled plant component and the substance application rate 294 (typically for pesticide treatment) or assumed exposure concentrations (typically for non-295 pesticide contaminants). In contrast, many parameters considered essential for interpreting 296 experimental data and serving as important input for plant bioaccumulation models are 297 infrequently reported, such as mean air temperature, substance fraction that is intercepted by 298 plants or water content of the sampled plant components or soil characteristics. To 299 demonstrate differences in reporting data, we compared six studies that assessed the same 300 substance-plant species combination, namely cypermethrin applied to eggplant, and analyzed 301 residues in the same sampled plant components, i.e. eggplant fruits (Arora, Table 3 . 304 305 Table 3 Comparison of data reported in experimental plant bioaccumulation test studies 306 analyzing the same combination of chemical, plant species, and plant component, i.e. 307 cypermethrin residues measured in sampled eggplant fruits. For full parameter descriptions 308 see Table 4 . 309
Parameter
Reported in experimental testing study scenario is when sampled plant components are well distinguished and terms like "rind" or 337 "fruit-surface" are avoided as these are difficult to allocate to specific plant components. As 338 an example of good practice, using "bark" or "peel" are unambiguous terms referring to 339 specific plant components. 340
To get the maximum benefit from an experimental study, we recommend to separately 341 sample and report plant components and to provide a description of each sampled component. We recommend reporting rate constants for specific processes whenever possible, e.g. 373 for biodegradation when metabolites are known based on metabolite concentrations or for 374 volatilization based on measuring air concentrations. When only overall dissipation can be 375 reported, we recommend testing different kinetic models instead of simply assuming first-376 order kinetics for best interpretability of actual dissipation. While reporting data for specific 377 processes may require additional equipment (e.g. when sampling air), testing different kinetic 378 models can easily be implemented without additional costs, and an overview of different 379 kinetic models is for example given in Fantke and Juraske (2013) . Further, we recommend 380 reporting environmental conditions to the extent feasible. This includes most importantly air 381 temperature, air humidity, and soil properties like pH and organic carbon content. If air 382 temperature cannot be measured directly, average temperature over the study duration at the 383 study site can serve as proxy, and if air humidity is not available, recording the number of rain 384 events can serve as alternative. 385
Partitioning of neutral organic chemicals is predominantly controlled by the quantity 386 and quality of organic carbon; hence, organic carbon content of the soil can contribute to 387 variance in the plant bioaccumulation of neutral organics exposed from soils (Seth et al., 388 1999 ). While analyzing soil samples for carbon content might come at the expense of 389 additional resources, classifying the soil (e.g. as podzol) and providing a basic description of 390 the soil horizons will already give some information about potential soil characteristics. 391
Quantifying the environmental fate and sorption of ionizable organic chemicals is generally 392 more uncertain. Evidence suggests that the cation exchange capacity (CEC) of the soil is a 393 key determinant for the sorption of cations (Droge and Goss, 2013) . For anionic chemicals, 394 the sorption to soils may be adequately characterized by soil organic carbon and soil pH (Kah 395 and Brown, 2007) . At present, we recommend reporting CEC for soil exposures to cations. 396
Revisions to guidelines and reporting requirements for plant bioaccumulation for ionizable 397 organic chemicals should consider the emerging science on chemical distribution of these 398 chemicals in multimedia environments. Based on the findings of our review of experimental plant bioaccumulation testing 408 studies and our knowledge regarding bioaccumulation models, we present a set of 409 recommended parameters to be included in future testing studies ( Table 4 ). Parameters that 410 have been identified being of high relevance for interpreting test results and for developing 411 plant bioaccumulation models are specified in the "priority data list" of We emphasize the key experimental parameters that would need to be measured and reported 425 in priority and without much additional effort or equipment in order to improve models for 426 use in various regulatory and decision support contexts. The focus is on terrestrial plants, but 427 similar concepts should also be considered for aquatic plants. 428 Our reporting recommendations (Table 4) 
